Abstract-Frequency-shift-free all-optical amplitude regenerators based on fiber-four-wave mixing were investigated by means of simulations. These regenerators, comprised of two stages of highly nonlinear dispersion-shifted fiber, were designed using a heuristic procedure that implements a routine based on a genetic algorithm to optimize the device performance. A bit error rate improvement of up to four orders of magnitude was found as compared to a previous design approach discussed in the literature. It was due to a proper choice of the pump signal frequency regarding to the input signal that brings about a trade-off between four-wave mixing optical reshaping and four-wave mixing crosstalk leading to optimal optical regeneration. The proposed design method might be applied to other parametric devices that rely on four-wave mixing.
I. INTRODUCTION
Optical signals propagating along metropolitan area networks (MAN) may be significantly impaired by the accumulating effects of chromatic dispersion, fiber nonlinearities, and amplified spontaneous emission (ASE). Consequently, they will need to be regenerated, for example, during transmission or before interconnecting with other networks. MANs, because of their typical reaches and even for economic reasons [1] , still benefit from using non-returning-to-zero on-off keying (NRZ-OOK) modulation format. Furthermore, researchers have been looking for all-optical regeneration strategies that are transparent to the bit rate. Notably, schemes that use nonlinear effects in dielectric media have attracted much attention [1] [2] [3] [4] [5] [6] [7] [8] [9] , especially four-wave mixing (FWM) fiber-based regenerators [4] [5] [6] [7] [8] [9] . Recently [7] , it was experimentally demonstrated a FWM regenerator that exhibited significant amplitude and phase noise suppression for returning-to-zero differential shift keying (RZ-DPSK) signals. A parametric regenerator for 43 Gb/s returning-to-zero on-off-keying (RZ-OOK) signals, tunable over a 20 nm range, was implemented using a highly nonlinear dispersion shifted fiber (HNL-DSF) [8] . It has also been shown that a setup using FWM phase-sensitive amplifiers (PSA) can regenerate PSK signals [9] . Recently, a two FWM-stage pump modulated regenerator that preserves the input signal carrier frequency was investigated [10] . In the work By inspecting the well-known approximate solutions that describe the optical power at these sidebands, one can gain an insight regarding how FWM can be used to implement an S-like transfer function in optical fibers. For this purpose, consider the equation [13] :
where, 1 P , 2 P , and + P correspond, respectively, to the optical powers at frequencies, 1 f , 2 f , and + f at the output of a fiber of length L . Furthermore, α is the attenuation coefficient,γ is the nonlinear coefficient and η the FWM efficiency that is written as: 
P tends to zero, + P will also tend to zero. Moreover, if 1 P is high enough and
(is i n an odd number), + P will be practically constant, corresponding to FWM saturation. Therefore, from this simple discussion, it is possible understand, even if in a qualitative way, how FWM can be used to implement an S-like transfer function. Finally, although (2) is written for + P , a similar argumentation will hold for the signal power at − f .
III. FREQUENCY-SHIFT-FREE FWM-REGENERATOR
A single stage fiber-FWM regenerator is schematically depicted in Fig 2(a) . A continuous wave are co-polarized and coupled into a HNL-DSF spool, where they co-propagate whilst FWM takes place. The noisy signal needs to be previously amplified before being coupled into the fiber to serve as a modulated pump. At the fiber output, first-order FWM products (or sidebands) will be found at frequencies [12] :
a result directly derived from (1).
Albeit the frequency-shift described by (7) may be an interesting feature, it is not difficult to figure out that sometimes it may also be an inconvenient one. For example, in a WDM system, there might be situations when the network management would be prevented from using the device because, otherwise, the regenerated copy frequency would fall on an already allocated transmission channel.
This sort of problem can be overcome if a second stage is added to provide a further frequency-shift that will bring the regenerated copy back to the input signal carrier frequency. are, respectively, the second stage continuous wave frequency and the lower frequency first-order FWM-sideband. This scheme, besides avoiding the input signal carrier frequency-shift, also provides enhanced optical regeneration, since the signal is regenerated twice. As it can be easily checked,
to prevent the regenerated copy carrier frequency-shift. In spite of (7) [12] . Albeit there are simpler formalisms [12] , [13] than the NLSE to accomplish this goal, they will not hold, for example, when signal depletion is significant, which is a potentially important situation for FWM optical regeneration as it will be shown in this work. To solve the NLSE, we approached the problem using a software tool that implements the split-step
Fourier method (SSFM) [12] and supposing there is only a sort of signal polarization along the fiber.
Such a hypothesis is a realistic and even a necessary one to enhance the FWM effect. Actually, in Section III, it is mentioned the signals are co-polarized previously to being launched into the fiber.
For practical purposes, it could be efficiently achieved by using a dynamic polarization controller as reported in [14] . Still regarding the SSFM, it is advisable to ensure the step size value is less than the fiber walk-off length [12] . Setting an unnecessarily larger value, it will only lead to longer processing times.
Since the device is supposed to operate in commercial telecommunication systems, the ITU-T frequency grid. Regarding the fiber parameters, when using a GA approach, it is important to ensure the values selected are realistic ones. The best procedure is to create a database with valid ranges for these parameters and their associations in HNL-DSFs. If such a restriction is not carefully embedded in the design procedure, the GA may lead to an unfeasible optical fiber. Certainly, the same concern applies to all other device parameters, but it is more critical about the HNL-DSFs.
The parameters x
G and x cw P encoded as genes, form an individual in the sense of evolutionary biology (Darwinian mutation and strife for survival). If the set is optimal for the regenerator problem, they are stored in a parent database regarding future reproduction (crossover and mutation). Any child should comply with a fitness criterion that defines if the individual solves the problem. Initially the parent database receives individuals that were defined empirically in a trial-anderror procedure. At least, two of them are necessary for the GA. Children become individuals if they conform to the criterion described as follows. The crossover operation is applied to two of the individuals of the database by generating a random number to define the crossover point for each chromosome (parent). Then, the gene strings of both parents (parameters) are split at the same point and combined to form children. Then, each child is submitted to a mutation, which results in a slightly modified copy of the new chromosome (child) by altering one of its genes. A gene is then randomly chosen and modified. Each time a new parameter set is needed, one mutated child is tested. If there are no more children, a new crossover happens. The procedure (trial-and-error or GA) to design the regenerator is applied individually per stage and it must be performed using an input NRZ-OOK signal that carries at least a 2048-pseudo-random bit sequence. Shorter bit sequences will not be appropriated to estimate the bit error rate (BER) [15] , which is the parameter used to optimize the optical regeneration process. Following a conservative approach, we supposed a Gaussian noise distribution to estimate the BER [15] . Figure 3 summarizes the fitness function used for optimizing a fiber-FWM regenerator stage. We start the test procedure with a trial fiber, whose parameters are checked against the database to ensure it is physically achievable. As previously mentioned, a new fiber parameters set (new mutated child),
i.e. a new fiber, may be required to replace that one in test whether the test fails. From our experience, starting the test by searching for the x f 0 value that minimizes the BER (BER opt ) improves the calculation convergence rate. It happens because the input signals relative positions to the fiber zerodispersion frequency are critical to the FWM effect. It is not to say that the input signal powers are not relevant to the FWM occurrence (because they are), but only we will look for the optimal input powers after selecting x f 0 . Actually, it will be necessary to perform a progressive fine tuning on x f 0 as we search for the input power values and vice-versa. However, the range of frequencies, powers, and gains where the searches are performed will decrease rapidly as the calculation converges. With the provisional x f 0 just found, we will start looking for the optimal power and, afterwards, for the optimal x G .
After this last search, there is a test to check whether the calculation has converged or it is necessary to restart the process. Certainly, at least two full searches will be required to ensure the convergence.
By a full search we mean searching for Fiber-FWM stages as criterion (i) will be called type 1 (T1) and, as criterion (ii), type 2 (T2) as illustrated in Fig 4. All the solutions, obtained by using the routine just described, were crosschecked by brute force calculation.
Journal of Microwaves, Optoelectronics and Electromagnetic
The SSFM Fourier divides the fiber into two types of alternate sections. Into the first type, only dispersive effects take place and they are assessed in the frequency domain. On the other hand, nonlinear effects occur only into the second section type, and the calculations are performed in the time domain [12] . The sections have a length given by the step-size z ∆ , whose choice is fundamental to achieve a trade-off between processing time and accuracy. In the commercial software used to calculate the light propagation through the fiber by implementing the SSFM algorithm to solve the NLSE, z ∆ is given by the smaller value out of two parameters. The first one is 
where ( ) 2 z E pk stands for the optical power peak and nl ϕ ∆ is [12] :
where in P is the input signal power. By combining (9) and (10),
The second parameter is max z ∆ that represents the maximum step size and it must be much less than the walk-off length that depends on the spectral separation between the frequency carriers [12, 16] . The commercial software uses a fourth-order Runge-Kutta equation solver to estimate the nonlinear effects in the time domain and a Fast-Fourier Transform (FFT) routine to assess the dispersive effect in the frequency domain [16] .
V. SIMULATIONS RESULTS AND DISCUSSION
For the simulations, we considered a 1-mW 10-Gb/s NRZ-OOK modulated signal transmitting a 2048 pseudo-random bit sequence on a carrier frequency of 192.00 THz. The simulation was performed over a bandwidth of about 6 THz with a constant spectral discretization s f ∆ = 4.86 MHz for the FFT calculations. Previous to being applied to the optical regenerator input, the signal went through a cascade of EDFAs to simulate the ASE noise accumulation that typically occurs in optical communications systems. Actually, we progressively increased the number of EDFAs in the cascade, per simulation run, in order to have first-stage input signals with different BERs. In the best and in the worst cases, the input signal signal-to-noise-ratio was 13.1 and 14.5 dB, respectively. For the tests, eight configurations of optical regenerators were used. They consisted of pairs of devices sharing the same first-stage (T1), but with distinct second-stages as described in Section IV (sharing the firststage ensured the same noisy signal was being inputted into the regenerators with different second stages -T1 or T2). Finally, each pair had a unique frequency spacing between their input signals that is Table I shows the regenerator parameters found after optimization (each line lists a regenerator setup). ). At first sight, these results seem to be in disagreement with [3] , where it is reported FWM regeneration should only occur when the input signals frequencies were higher than the fiber zero-dispersion frequency (that is, ∆ decreases. Therefore, higher η seems to be closely linked to pump depletion and better regeneration. (a) T1 and ∆f= 400 GHz, (b) T2 and ∆f= 400 GHz, (c) T1 and ∆f= 600 GHz, and T2 and ∆f= 600 GHz.
(a) (b) (c) (d)
In [3] , for the regenerators investigated, the modulated pump was not depleted, what led the authors to the frequency restriction regarding devices design.
The spectra also help to explain the BER behavior displayed in Fig. 5 . The regenerator performance improves as f ∆ increases until reaching = ∆f 600 GHz (optimal regeneration), after what performance starts decreasing. This can be understood as follows: the smaller f ∆ is, the closer will be the FWM sidebands and there will be more signal crosstalk. On the other hand, the greater f ∆ is, the farther apart will be the FWM sidebands and there will be less crosstalk, but, at the same time, pump depletion will decrease. However, as per the current discussion, pump depletion seems to play a fundamental role in the regeneration process. Therefore, as seen in Fig. 5 , when = ∆f 600 GHz, the best trade-off between FWM crosstalk and FWM reshaping is reached and, consequently, the optical regeneration is optimal. Fig. 7 shows the static transfer functions for regenerators with T1 and T2 stages for = ∆f 500 and 600 GHz, respectively. As it might be anticipated from the previous results, the step-like feature, typical of a regenerator, is more pronounced for a device with a T2 stage than with a T1 stage. Finally, in Fig. 8 it is presented the optical power consumption per stage as function of f ∆ and calculated at the fiber inputs, that is, by summing the modulated pump and continuous wave power Fig.5 for T2 devices. It is because, the higher the optical power consumption, the higher the depletion and the better the regeneration. For T1 devices, it does not happen because of the frequency restriction stated in [3] .
CONCLUSION
In this work we discussed the design of pump-modulated fiber-FWM 2R optical regenerators by means of simulations. A routine that implements a GA was used to optimize the devices. The regenerators performances were assessed by comparing the input and output signals BERs. Our investigation showed optimal optical regeneration takes place when there is pump depletion and an appropriate choice of frequency separation between the signals that interfere via FWM. The latter one is responsible for a trade-off between FWM crosstalk and FWM reshaping, a feature that has not been reported in the literature yet. By testing the optimized regenerators, it was observed a significant BER improvement of almost ten orders of magnitude. Furthermore, it was shown by using a procedure reported in [3] the BER improvement would only be of six orders of magnitude for the same input signal. 
